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ABSTRACT In this paper, a two-hop amplify-and-forward relaying system, where an energy-constrained
relay node entirely depends on the energy scavenged from the source signal, is investigated. This paper
analyzes the performance of the energy-harvesting (EH) protocols, namely, ideal relaying receiver, power-
splitting relaying (PSR), and time-switching relaying (TSR), over independent but not identically distributed
(i.n.i.d.) @-p fading channels in terms of the ergodic capacity and ergodic outage probability (OP). We derive
exact unified and closed-form analytical expressions for the performance metrics with the aforementioned
protocols over i.n.i.d. a-u channels. Three fading scenarios, such as Weibull, Nakagami-m, and Rayleigh
channels, are investigated. Provided simulation and numerical results validate our analysis. It is demonstrated
that the optimal EH time-switching and power-splitting factors of the corresponding TSR and PSR protocols
are critical in achieving the best system performance. Finally, we analyzed the impact of the fading
parameters « and p on the achievable ergodic OP.

INDEX TERMS Wireless power transfer (WPT), a-u fading, amplify-and-forward (AF) relaying, ergodic

capacity (EC), energy-harvesting (EH), outage probability (OP).

I. INTRODUCTION

Wireless power transfer (WPT) has recently drawn con-
siderable attention from both academia and industry as a
promising technology enabling the life-time prolongation
of wireless battery-powered devices [1]-[3]. The exploita-
tion of radio-frequency (RF) signals for simultaneous energy
and information delivery, best known as simultaneous wire-
less information and power transfer (SWIPT), is believed
to be one of the main efficient techniques for wireless
energy-harvesting (EH). Some examples of the most well-
known SWIPT architectures in the literature include time-
switching (TS), power-splitting (PS) and ideal relaying
protocols [4]-[9].

Recently, the performance of SWIPT relaying systems has
been broadly investigated, where the relay nodes scavenge
energy from the received RF signals and then utilize it to
forward the desired information to their intended destina-
tions. For example, in [6], the performance of the dual-hop
amplify-and-forward (AF) relaying system over Rayleigh
channels was analyzed. This work studied three EH relaying

protocols: ideal relaying receiver (IRR), power-splitting
relaying (PSR) and time-switching relaying (TSR). More-
over, the outage probability (OP) of dual-hop decode-and-
forward (DF) underlay cooperative cognitive networks with
interference alignment was evaluated in [10] implementing
the PSR and TSR relaying protocols over Rayleigh fad-
ing. Additionally, [8] derived exact numerical expressions
of the achievable throughput and ergodic capacity (EC) of
the PSR- and TSR-based DF relaying systems over Rayleigh
fading. Moreover, Rabie et al. [9], Nauryzbayev et al. [11],
and Rabie et al. [12] studied the OP in dual-hop DF and
AF relaying networks fading channels considering both half-
duplex (HD) and full-duplex (FD) with several EH proto-
cols. In addition, an IRR protocol with EH constraints in
AF relaying systems was considered in[6], [7],and [13]. The
transmission rate and outage performance for FD DF relaying
networks were investigated in [14] and [15], respectively.
Another aspects such as energy efficiency and security issues
in a WPT-enabled FD-DF relaying network were studied
in [16]. Zhu et al. [17] and Chang et al. [18] investigated
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FIGURE 1. Diagram of the considered two-hop AF relaying system.

the secrecy rate and energy efficiency in wireless powered
massive multiple-input multiple-output (MIMO) networks,
respectively. In addition, Orikumhi et al. [19] analyzed
the degrading effect such as inter-relay interference in the
WPT-enabled MIMO virtual FD relaying scheme. Recently,
Ye et al. [20], Xu et al. [21], and Han et al. [22] consid-
ered a non-orthogonal multiple access (NOMA) approach in
wireless powered relaying systems. For instance, the work
in [20] and [21] investigated the outage and data rate per-
formance of PS-based downlink cooperative SWIPT NOMA
systems. Furthermore, Han et al. [22] studied the outage
performance and energy efficiency of WPT-based AF NOMA
relaying networks over Nakagami-m fading channels.

Very recently, Badarneh [23] provided a closed-form
expression for the OP in wireless powered DF-based sys-
tems over «-p fading channels. However, to the best of the
authors’ knowledge, wireless powered AF relaying systems
over independent and not necessarily identically distributed
(i.n.i.d.) a-u fading channels have not analyzed in the litera-
ture. Therefore, we dedicate this paper to derive new closed-
form expressions for the ergodic OP and the EC over i.n.i.d.
a-p fading channels in a dual-hop AF relaying network.
It is worthwhile mentioning that small-scale fading channels,
such as Weibull, Nakagami-m, etc. [24], can be described by
the generalized o~ statistical model.

The obtained expressions are unified meaning that they
represent three different EH protocols, such as IRR, PSR
and TSR, and various fading channels which are obtainable
from the o-p statistical model. The derived exact analytical
expressions provide insights into the operation of the proto-
cols under different parameters comprising various distinct
scenarios of the «-u model, namely, Weibull, Nakagami-m
and Rayleigh fading channels. Throughout this work, Monte
Carlo simulations validate our theoretical results. Results
reveal that the achievable EC of the TSR and PSR protocols
can be maximized by optimizing the EH PS and TS factors.
It is also shown that the optimized PSR protocol always out-
performs the optimized TSR one while the best performance
is achieved in the IRR protocol. The good agreement between
the simulation and analytical results clearly indicates the
correctness of the analysis. Finally, we analyzed the impact of
the fading parameters on the ergodic OP for the IRR protocol
as a function of @ and p, i.e. the ergodic OP improves as the
values of @ and/or u increase.

The remainder of this paper is organized as follows. The
system model and the two performance metrics adopted in
this paper are described in Section II. New closed-form ana-
lytical expressions for the EC and ergodic OP are derived for
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FIGURE 2. Time frame structures for different EH protocols.

TRR, PSR and IRR protocols over i.n.i.d. ¢-u fading chan-
nels in Sections III, IV and V, respectively. Analytical and
simulated results are provided and discussed in Section VI.
Finally, Section VII concludes the paper.

Il. SYSTEM AND CHANNEL MODEL

The system model considered in this study consists of three
nodes: a source (S), a relay (R) and a destination (D).
The overall S-fo-D communication is realized over two time
periods as presented in Fig. 1. The first phase is dedicated
for the EH and S-fo-R transmission while the second phase
is used for the R-fo-D communication when R amplifies and
then forwards the received signal to D. During the first phase,
R scavenges energy from the signal sent by S with power Ps.
For the sake of completeness, we next briefly review the
operation of the three considered EH protocols given in Fig. 2;
more details can be found in [6].

Fig. 1 depicts a two-hop AF relaying system, where S sends
data to D via the energy-constrained AF-based R (i.e., pow-
ered by the harvested power only). It is assumed that no direct
link exists between S and D and each nodes operates in the
HD mode and is deployed with a single-antenna. Moreover,
the amount of power required by R for data processing is
assumed to be negligible. #; and £, represent the S-to-R and
R-to-D links subject to quasi-static i.n.i.d. @-p fading with
corresponding distances d; and dj, respectively. m; and my
denote the corresponding path-loss exponents. Note that the
channel coefficients vary independently from one transmis-
sion time block 7 to another while remaining constant during
one T. Then, a certain hop i is characterized by the corre-
sponding probability density function (PDF) defined as [25]

Kiajpi—1

oy r Wi o
Ji(r) = —————exp <—A—l.ra’>» (1)
) poi

where 7 stands for a o;—root mean value given by 7 =

VE[r%], a; > 0 is an arbitrary parameter, E[-] is the

expectation operator and I'(s) = fooo t5~le~!dt denotes the

. L E[r‘)‘i] l

Gamma function [26]. Also, u; = —(E[rzai]f]Ez[r”i]) )
indicates the inverse of normalized variance of % .

It is worthwhile noting that the «-u distribution represents

the most suitable statistical model describing small-scale

37139



IEEE Access

G. Nauryzbayev et al.: On the Performance Analysis of WPT-Based Dual-Hop AF Relaying Networks in «-, Fading

fading channels such as Weibull (« is the fading parameter
with u = 1), Nakagami—m (u is the fading parameter with
o = 2), Rayleigh (¢ = 2, u = 1), etc. [24].

A. ERGODIC CAPACITY
The instantaneous capacity of the end-to-end signal-to-noise
ratio (SNR) is defined as

Cp = (glogz 1+ ). ®)

where yp indicates the SNR at D and the factor % implies that
two time slots (TSs) are required for S-to-D communication.
Moreover, ¢ = (1 — n) defines the capacity of the TSR
protocol while ¢ = 1 determines the capacity achievable
under the PRS and IRR protocols. Using (2), the EC can be
defined as

E(Cpl = SE [log, (1 + y)]. 3)

B. OUTAGE PROBABILITY
Using (2), the ergodic OP can be expressed as

2R
PoutzPr(CD<R)=Pr(yD<27—1), 4)

where R indicates the minimum required rate.

IIl. PERFORMANCE ANALYSIS OF THE
TSR-BASED SYSTEM
The given transmission time block 7" needed for S-fo-D com-
munication is formed by three consecutive TSs. The first TS is
dedicated for EH while the remaining two TSs are designated
to support the S-to-R and R-fo-D data transmissions, i.e., n7T,
(1 —=mT/2,and (1 — n)T /2, respectively, where 0 < n < 1
denotes the EH time factor as shown in Fig. 2(a).

The received signal at R can be expressed as [9]

P
yR() = | T his(0) + na(0), )
1

where Pg, ny(t), with variance O’az, and s(r), with
E[Is()]*] = 1, stand for the source transmit power, noise
term and information signal at R, respectively. Therefore,

R scavenge the energy defined as

P
EISR = oyt (—S

i h + oj) , (6)

where 0 < 6 < 1 is the EH conversion efficiency mainly
affected by the circuitry. With this in mind, after base-band
processing, R amplifies the signal as

PRP
sv(t) = ||~ Ghis(0) + v/ PrGrg(o). @)
1

where Pg denotes the relay transmit power, G =

1/ /;?Tflh% + 01% is the relay gain and ng(t) = ny(t) + n.(t)

denotes the overall noise at R with variance 01% = aaz + acz,
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where n.(t) stands for the noise term caused by the informa-
tion receiver. Hence, D receives the signal as

| Pr | Ps
yp(t) = deGh2 ( dTlhls(l) + nR(l)> +np(1), (8)
2 1

where np(t), with variance 012), indicates the noise at D.
The relay transmit power relates to the harvested energy as
Pr = EISR/((1 — )T /2) and can be rewritten using (6) as

20n Pg 2 2
PR:E(W}!I—FO’” . (9)

Substituting (9) into (8) and after some algebraic manipu-
lations, the SNR at D can be written as

B 20nPsh3h3
©20nh3d" o} + (1 — " dy ol

YD (10

A. ERGODIC CAPACITY

Now, by defining a; = 20nPs, ay = (1 — n)d|" d5? o},
a3 = 29nd{"‘0§, A=a X,and B = @Y, where X = h%
and Y = hy 2, the SNR yp can be written as

A
T B4ay’

YD (11)

Using (3) and (11), we can express the EC as

1— A
E[Cp] = T”E [log2 <1 + Bﬂn)] (12)

The term (1 — ) means that the information is communicated
only within (1—»)T while the rest is utilized for EH purposes.
We use the lemma to facilitate the EC analysis [32] as

u |
E [m (1 n -)] =/ = (®uls) — Dyu(s))ds,  (13)
v 0o S
where the random variable (RV) v is characterized by its
moment generating function (MGF) ®,(s). If v and u are inde-
pendent, then ®, ,(s) can be defined as ®, , = P, (s)D,(s),
YV u,v > 0. Therefore, using (13), the EC at D can be
evaluated as
L—n (=1 14
) Jy s (1 = @ A(S) PB1g;(s)ds,  (14)

E[Cp] =

where ® 4(s) = ®x(ar s) and Ppi4() = Pyaz )
exp (—asz s) stand for the MGFs of .4 and B+as, respectively.
Since X = h% and Y = hy 2 follow the o- statistical
model, we modify the PDF in (1) applying the “change of
variable” method [7]. Therefore, we rewrite the correspond-
ing PDFs in the following form

()[1)]“'}‘%71 o]
fi) = S —e(~art).a9)
ap iy
azxﬂZV—zT—l L
fyn = =S ——ew (- ). ae
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where A = az . The MGF defined as ®(s) =

fo exp (— sr)f(r)dr will be utlllzed in the EC analysis. The
corresponding MGFs of these PDFs can be presented as

Ol])\.ll“ o0 o

alﬂl -1 e —k r2
Dy = 1 4 (17)
2I' (1) Jo
M2 « oy
Qy = 0245 —HE s pmharT T gy (18)
2I'(u2)

Using [27, eq. (8.4.3.1)], [27, eqgs. (2.24.1.1) and (8.2.2.14)],
the MGFs of X and Y can be expressed in terms of
Meijer’s G—functions as in (19) and (20), respectively,
shown at the top of the next page. /; and k; denote the
co-prime numbers, with /;/k; = «;/2 and A (B,1) =

[‘fg, %, e % } It is worthwhile mentioning that a sim-
ilar derivation approach will be used for the other EH proto-

cols. Moreover, ® 4 and ®p,,, can be obtained as in (21)
and (22), shown at the top of the next page.

Finally, using [28, eq. (6.2.8)] and [29, eq. (2.3)], the end-
to-end EC of the TSR-based system can be expressed
as in (24), shown at the top of the next page, where
K = (120',’;), Hp'." () denotes the Fox’s H-function, defined
by [30, eq. (l 2)] and Hp,';'pr2 25" () denotes the
extended generalized bivariate Fox’s H -function (EGBFHF),
defined by [30, eq. 2.57)] A = {1 —A(k,0)}, B =
{1—a(n 1—<f) and C = {A (k2. 0), A (B, —%52)}.
Note that (k;, [;) are co-prime numbers; ¢; is the fading param-
eter defined as o; = zk—’ fori={1,2}andk;, [; = 1,2,3,...

B. ERGODIC OUTAGE PROBABILITY
The SNR yp at D given in (10) can be rewritten as

BL1XY
L 25
w B2Y + B3 ()

where 81 = 2n6Ps, By = ZndeUR, B3 = (1 — n)dy*dy’ oD,
X =htandY = h3.
We define the PDF of Y using [7] as

)
a2)\'ﬂ2 2 -1 ay
fr(r) = =0 exp (<22r%). 0
The ergodic OP can be expressed, using (2) and (25), as

p1XY B3vin )

e re () o
B2Y+ B3 B1X — By
(27)

2R
where R is the minimum required rate while yy, = 277 — 1
is the corresponding SNR threshold to support R. The fact
that Y is a positive value means

Pr <Y - ; Xﬁwg ) X ﬂjgm;
1_)0ut — 1 2Vzh 1 (28)

Pr<Y > M) =1, X< ﬁz%h.
B1X — Bovum b1
Therefore, the OP can be calculated as
ﬁMh

Pou = /0 Fe(rdr + / Fe(MFy(rdr,  (29)
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where the PDF fx is given by (15) and Fy is the cumulative
distribution function (CDF) of Y which can be expressed as

)
Yine (Mz, Apr2 )
()

where Yinc(s, x) = f(f 1"~ exp(—1)dr indicates the lower
incomplete Gamma function [26]. Substituting (15) and (30)
into (29), the ergodic OP can be written as

Fy(r) = ; (30)

P e
Poyy =1 — rz -
I'(2) ﬁzm
x exp (—Alr ) e (2,320 ) dr, 31
where & = ;11? Then, using f fx(rydr = 1 —

fg‘ fx(rydr =1—-F X(a) and the series representation of the
lower incomplete Gamma function [26, eqgs. (8.339.1) and
(8.352.6)] where ., is an integer, the OP can be given as

K2 1 2 Vinc (Ml» ﬂ%}l/[h)
Po=1-0 )" ol R
0 23
00 o an o a
- / r 12M'F%_lexp (—XerI —erf)dr:|.
ﬁ%ﬂ
1

(32)

To the best of the authors’ knowledge, the OP expres-
sion given by (32) does not have a closed-form solution
without imposing certain assumptions and, therefore, can
only be solved numerically. However, if we assume equal
o parameters, this integral can be solved in closed-form as
given by (35). It is worthwhile mentioning that, since we
do not assume equal p fading parameters, this assumption
allows one to study the mixed channels, i.e., Weibull/Weibull,
Rayleigh/Nakagami—m and Nakagami—m/Rayleigh with
various m values. Therefore, to get a closed-form solution,
we assume that «; = «p. Thus, the integral in (32) can be
rewritten as

oo o o
A=ﬁm FFEn =L oy (—rTl (A1 +A2)> dr. (33)

B1

o o .
By substituting + = r2 (A1 + A7) and after some algebraic
manipulations, this integral can be written in closed-form as

_ 2 o ( Bavin )MX‘
oy (A] + Ag)Hrtn "\ B (A1 +22) '

(34)

where I'(s,x) = fx s~ Lexp(—t)dt denotes the upper
incomplete Gamma function [26].

Now, after substituting (34) into (32) and some algebraic
manipulation, we obtain a closed-form expression of the
ergodic OP as in (35), as shown at the top of the next page.
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appr—1 @
alx“'k L2 s (N s\ 11— A%, 0) h o
(DX(S) le,ll )L—l E 1—A (ll’ 1— 0112&) s k_l = ? (19)
1okt ayu,
oo < Pkl S i ((x_) <_> ) h_a o0
Y - +hky—2 0,ky+1: 012#2 -
2F(M2) (27_[) 2 27152 k2 12 A (k2’ 0) A (127 ) k2 2
-4 k l
B 4(5) = aiAy! ki (20mPs NTUT i (\T (200Ps\T 1 — A (ki, 0) 1)
A= bt n\ i\ \ h 1—A (L, 1— 241
2T (1) 2w 2
aiy
o W 1—nd"dych\ * wn
DBy (s) = 2 = <( ”)l 572 exp (—zend;’”a,% s) (22)
20 (u2) (277 2 2
13
oo [ ()" (Qmararan) ) o)
Okatly ky I A (k2,0), A (lz, =L 2)
12 2 22 k my 2\ b
ElCpl = — LZWebs” ke (470 (L) (4205 (1 - 2.1)
4In(2)I' (u2)(27 e A kop by Loty ko kop by €1, D, (Coptins 1)
_ap
0[1)\'1111 kl PS 0,1:1,k1:lr+k,0 (1 + % — 012#2 l lz)
- E d]ﬂ’l]g]% I 1,0:k1,01:0,1r+ko _
I I
(A1, 1), ., (Ag, 1) ‘ - ‘ <k_l)k Ps ) (g)" dy"ap 2
(Blrl)v"'9(Bllvl) (C191)7"'1(Ck2+12’ 1) )\.1 d;nlo,Rle ’ k2 KJRl2
dml(’;%)’th)
pa—1 Yine \ 1, —p— 2 2/ay
TSR _ )Lll«l ZZ k" L inc ( Ps 3 2 N dImIO“RVth (35)
ot 2T (1) (1) ap (A + APt "\ Ps (M +22)

IV. PERFORMANCE ANALYSIS OF THE

PSR-BASED SYSTEM

In this protocol, the time frame T is formed by two equal TSs.
During the first T'S, R assigns a portion of the received signal
power for EH (i.e., pPs), and the remaining received power,
i.e., (1 — p)Ps, is assigned for the S-fo-R data transmission,
where p is the PS factor as depicted in Fig. 2(b). Therefore,
the energy harvester obtains the received signal expressed as

VPyr(t) = / hls(t)+f na(1).

The amount of the scavenged energy, to be used to amplify
and then forward information to D, can be calculated as

(36)

0T

Ps > 2
EPSR — - (Whl + aa). (37
Accordingly, the transmit signal at R is given as
(I —p)PsP
sw(t) = || Giis(o) + v/PaGr(t).  (38)
1
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a- ﬂ)Ps h2

where G = 1/ + a,% denotes the relay gain and

1
nr(t) = /1 — pny(t) + n.(t). With this in mind, the received
signal at D can be expressed as

1
yp(t) = /dszh < %hls(l‘)—knk(ﬂ) + np(t).
2 1

(39)

2 EFSR . .
Due to Pr = —}—, the relay transmit power can be given

using (37) as

P
Pr = 0p (dTSlh% + aj). (40)
1

Substituting (40) into (39), we express the SNR at D as
0p(1 — p)Pshihs
di" (0po2h3 + 0p(1 — p)a2h3 + (1 — p)dy2oh)
(41)

YD =

A. ERGODIC CAPACITY
Using by = 0p(1 — p)Ps, by = (1 — p)d|"'d>y?0}, b3 =

Opd{" 62, by = 0p(1 — p)d{" 62, K =b; X and L = byY,

VOLUME 6, 2018
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the SNR in (41) can be rewritten as

K
=\ 42
YD by + by @2
Substituting (42) into (3), we express the EC as
1
E[Cpl==-E|l 1+ ——)], 43
[€ol =3 [°g2< +£+b3+b4)} )

which, using (13), can also be written as

1 ® 1
B(C) = /0 (1= @) Drpgan (s, (44)

where @ (s) = Px(by s) and Ppipqp,(s) =
Dy (b2 s)exp(—b3 s)exp(—bs s) denote the corresponding
MGFs, shown at the top of the next page.

Finally, the end-to-end EC of the PSR-based system can be
given as in (47), where ¢ = (l(i—pp) and 6]% = (TC2 + (- p)aa2.

B. ERGODIC OUTAGE PROBABILITY
The SNR at D given in (41) can be given as
_ 51 XY
C HY +683
where 81 = p(1 — p)OPs, & = 0d"p (62 + (1 — p)o?),
83 =(1—p)drdyol, X =h}and Y = I3.

The ergodic OP can be expressed, using (2) and (41), as

( BXY yh> _pr <Y __ Ovm )
5Y + 63 ! 81X —&vm)
(49)

YD (48)

PPSR —Pr

out

where yy, = 22R _ 1 is the corresponding SNR threshold to
support R. The fact that Y is a positive value means

pr <Y __ Ovm > X 82V .
PPSR _ 81X —&vm)’ 81

out — 6 8
Pr<Y>¢>=l, X < zym.
51X — 82vim 81

Therefore, the OP can be calculated as

(50)

327ih

PPSR — / " Krdr + ﬁ " ROFyr. 51
0 kN

Substituting (15) and (30) into (51), the OP can be given as
(D o0
— r
['(u2) J2m
1
X exp (—klr%) Vine ([,Lz, Azr%z) dr. (52)

Then, the OP can be rewritten as

PSR __ Ak
Pout =1 2

,uzfl . ( M)
PPSRZI_(I)Z & _ymc M1, )
out n! ()
n=0
oo 3 ann (3 a
- / r 12MJF%_lexp (—)Lerl —X2r22>dr:|.
Savn

(53)
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To get a closed-form solution, the integral in (53) can be
rewritten as

0 o o
B = ﬁzm 2 =1 exp (—rT1 r+ )»2)) dr. (54)

5

o o .
By substituting + = r2 (A1 + A7) and after some algebraic
manipulation, this integral can be given in closed-form as

2 S 2/
B=———-——"T|wm+n (&> )
a1 (A + Ap)H 81 (A1 + A2)

(55)

Now, after substituting (55) into (53), we obtain a closed-
form expression of the ergodic OP as in (56).

V. PERFORMANCE ANALYSIS OF THE

IRR-BASED SYSTEM

Similar to the PSR protocol, the IRR one equally divides the
time frame 7T into two consecutive TSs. However, the first
TS is simultaneously allocated for EH and information trans-
mission; see Fig. 2(c). Similar to the procedure in Section IV,
the SNR at D can be obtained as

272
OPshih;

YD = . (57)
0d\" o}h3 +d" dy? o},
Letting ¢; = 0Py, ca = d|"dy?c}, c3 = 0d"op,
€ =c1 X and F = Y, (57) can be rewritten as
E
= . 58
Yo =7 . (58)

A. ERGODIC CAPACITY
Using (58), the EC can be evaluated as

IEI 1+ £
2 %2 F+c

1 S|
~ 2InQ) /0 s (I = ®g(5) PFics(s)ds,  (59)

E[Cp]

where ®¢(s) = Px(c1s)and © r ., (s) = Py(c2 s) exp(—c3 )
denote the corresponding MGFs, shown at the top of the next
page.

Finally, following the same approach, the end-to-end EC
of the IRR-based system can be expressed as in (62), shown
at the top of the next page.

B. ERGODIC OUTAGE PROBABILITY
The SNR at D in (57) can be re-expressed as

e XY

_ 63
Y +e3 (63)

YD =

where € = 0Ps, ¢) = Odi"‘q%, €3 = d{"'d;"za[%.
The ergodic OP can be expressed, using (2) and (63), as

XY
B R (e ]
€Y +e; €1X — eym
(64)
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The fact that Y is a positive value means

Therefore, the OP can be calculated as

€ 2 V[h

(65)
fX(V)dr+/ fx()Fy(r)dr

IRR __
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€ €
Pr (Y - 3Vih ) X > v,
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o o o
c= /m rRe T exp (< G+ A2)) dr. (69)
2Vih

€1

Then, the OP can be rewritten as

pa—1 an YVine (m, %) By substituting ¢ = r 7 (A1 + X2), this integral can be given
ot =1 =@ Z W 1 - T in closed-form as
n=0
S o asn o a 2/
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Now, after substituting (69) into (67), we obtain a closed-
form expression for the ergodic OP as in (70), as shown at the
bottom of this page. For more details see Appendix.

VI. NUMERICAL AND SIMULATION RESULTS

In this section, we present numerical examples for the derived
expressions. The adopted system parameters in our evalua-
tions in this section are as follows: G = 1, m; = mp = 2.7,
OR op = 0.02 W and 0, = o, or/2. By setting
various o and u parameters, we get the Nakagami-m (o« = 2),
Rayleigh (¢ = 2 and u 1) and Weibull (u 1)
channels.

A. ERGODIC CAPACITY

In this section, the impact of n and p on the EC for the PSR
and TSR protocols is investigated. Specifically, the following
system parameters are considered: 6 {0.5; 1}, d;
dy = 3mand Ps = 1 W. Fig. 3 presents some analytical
and simulation results for the ECs built versus p and 7 for
the considered fading models. The analytical results for the
TSR and PSR protocols are plotted using Eqs. (24) and (47),
respectively. Considering the TSR protocol, when 7 is small,
no sufficient time is dedicated for harvesting purposes, and,
thus, the relay is able to harvest only a small power portion,
which, in turn, leads to poor capacity. On the other hand,
being 7 too large results in the excessive amount of the scav-
enged power at the cost of time devoted for communication

which apparently leads to poor capacity. The PSR case also
applies the similar justification. It is worth noting that  and p
are the main parameters defining the performance of these
protocols and therefore optimizing them will maximize the
system performance.

B. SYSTEM OPTIMIZATION

Next, we find optimal n* and p* values for 6 1 and
Pg = {1; 5} W to analyze the performance of the optimized
TSR and PSR protocols by solving d {E[Cp]}/dn = O
and d {E[Cp]} /dp = 0. It is worth mentioning that these
equations can be easily calculated numerically using software
tools such as Mathematica since it is difficult to obtain their
closed-form solutions.

Fig. 4 illustrates the maximum achievable EC for n* and p*
as a function of d, (the R-to-D distance) when the end-to-
end S-tfo-D distance equals 10 m. One can observe that the
optimized PSR protocol always has better performance than
the optimized TSR one irrespective of the location of R,
while the best performance is provided by the IRR-based
system. At d» = 9 m, the performance of the optimized PSR
protocol almost achieves the EC of the IRR one. Moreover,
the worse performance for the three systems is detected when
R resides midway between S and D. This can be explained by
the fact that EH, in this case, attains its peak values which
dramatically affect the time devoted for communication and
hence the overall EC.

d’"lo'zyh
1 R/1
nr M2—1 .5 Yinc <Ml’ P )
RR _ , %14 ) s

2 dinlUI%)/th

n!

2

n=0

out —

20 (up) (1)
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C. ERGODIC OUTAGE PROBABILITY
We consider in our investigations in this section the following
parameters: Ps = 1 W, 0 = 0.7, op = op = 0.02 W,
04 = O¢ ZGR/ZW,Oél =02, U1 = U2 andd1 =d2 =3m.
Fig. 5 illustrates some simulation and analytical results
for the ergodic OP given by Egs. (72)-(74) for the PSR and
TSR-based systems with respect to n and p. It can be
noticed that the performance improves when 7 and p increase.
However, when 1 and p approach either O or 1, the OP
significantly deteriorates. This is because the amount of har-
vested power is either excessively too large or too small which
negatively affects the information transmission time. This
implies that the EH time and PS factors must be optimized
for best performance.

VOLUME 6, 2018

Fig. 6 presents results for the optimal ergodic OP versus
‘R for the PSR and TSR protocols. Initially, we find optimal
p* and n* by solving the following dPqy(17)/dn = 0 and
dPout(p)/dp = 0. Again, only numerical solution are pos-
sible for these equations which are obtained using software
tools. Clearly, the IRR protocol provides the best OP and the
optimized PSR relaying system outperforms the TSR one for
the considered configuration.

Now, to illustrate the impact of the fading parameters on the
system performance, we plot in Fig. 7 the ergodic OP for the
IRR protocol versus « and p fading parameters. It is evident
that the ergodic OP improves as we increase the values of o
and/or w. This is because of the fact that the parameters « and
p are directly related to the power exponent and the number
of multi-path components of the channel, respectively [33].

VIi. CONCLUSION

In this paper, we investigated the EC and OP performance
metrics of different wireless powered AF relaying protocols
over i.n.i.d. o-u channels, i.e., Weibull, Nakagami-m and
Rayleigh channels. We obtained unified exact closed-form
analytical expressions in terms of the H —functions for the
EC and OP performance metrics verified by Monte Carlo
simulations for the considered EH protocols, i.e., IRR, PSR
and TRR. The results revealed that a key in achieving the
best performance lies in the proper choice of the PS and TS
coefficients. Additionally, it was shown that the optimized
TSR protocol concedes the performance to the optimized
PSR one while the IRR-based system always outperforms
the latter. Finally, it was demonstrated that increasing the
parameters « and/or p of the «o-u results in reducing the
ergodic OP.
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APPENDIX

ERGODIC OUTAGE PROBABILITY

For the sake of generality, the closed-form expressions for
ergodic OP given by (35), (56) and (70) can be presented as

_ ¥
'ui:l ﬁ - Yinc <U«1’ ij_}l/th)

n! L(pr)

051)\’1“

Poyt=1— ————
20 (1)

n=0
Vo vin

2/Ol|
2r (Ml +n (Wl(MJr)»z)) )

ap (A + A1t

, (71)
where 1, Yo and Y3 are dependent on the EH protocol
deployed; all of which are defined in Table 1.

TABLE 1. The parameters v, ¥, and y5 for the TSR, PSR and IRR
protocols.

TSR PSR IRR
V1 2n0Ps p(1 —p)0Ps 0P
Vo | 20dTon | 0dip(o+ (1—plod) | 0di'ah
Vs | (- mdidgoh, | (1 p)didfop | dldgop

The ergodic OP for the Rayleigh (@ = 2 and u = 1),
Nakagami-m (¢ = 2 and © = 2) and Weibull (@« = 3
and u = 1) fading channels can be respectively written as

B2V
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